12. sEPSPs were detected separately at each recording site with the use of a sliding template algorithm (30) following digital filtering (2 kHz) and displayed together with the voltage response recorded simultaneously at the other recording sites on a fast time base. sEPSPs were accepted as being generated near a recording site if they were fastest rising at that site and had a rise time of less than 3 ms. Experiments with aEPSPs demonstrated that the local amplitude of dendritic EPSPs increased as they were generated more distally. Consequently, at dendritic sites, our procedures detected events generated by EPSCs that would be undetectable if generated at perisomatic sites. To correct for this finding, the threshold amplitude for sEPSP detection was increased for dendritic recording sites on the basis of the experimentally observed increase in local aEPSP amplitude (a procedure that would increase the chance of observing synaptic scaling). The efficacy of event detection was verified by detection of all unitary EPSPs during paired recordings. EPSP rise time represents 10 to 90%, and half-width the duration at half amplitude. 13. The kinetics of dendritic sEPSPs were unrelated to amplitude at each recording site [see (21)]. 14. aEPSPs were generated with exponentially rising (0.2 ms) and decaying (2 ms Shepherd, et al., Proc. Natl. Acad. Sci. U.S.A. 82, 2192 (1985.
12. sEPSPs were detected separately at each recording site with the use of a sliding template algorithm (30) following digital filtering (2 kHz) and displayed together with the voltage response recorded simultaneously at the other recording sites on a fast time base. sEPSPs were accepted as being generated near a recording site if they were fastest rising at that site and had a rise time of less than 3 ms. Experiments with aEPSPs demonstrated that the local amplitude of dendritic EPSPs increased as they were generated more distally. Consequently, at dendritic sites, our procedures detected events generated by EPSCs that would be undetectable if generated at perisomatic sites. To correct for this finding, the threshold amplitude for sEPSP detection was increased for dendritic recording sites on the basis of the experimentally observed increase in local aEPSP amplitude (a procedure that would increase the chance of observing synaptic scaling). The efficacy of event detection was verified by detection of all unitary EPSPs during paired recordings. EPSP rise time represents 10 to 90%, and half-width the duration at half amplitude. 13. The kinetics of dendritic sEPSPs were unrelated to amplitude at each recording site [see (21) ]. 14. aEPSPs were generated with exponentially rising (0.2 ms) and decaying (2 ms) waveforms of 200-pA amplitude. Kinetics were based on published estimates (31) Time courses of translocation of fluorescently conjugated proteins to the plasma membrane were simultaneously measured in thousands of individual rat basophilic leukemia cells. We found that the C2 domain-a calcium-sensing, lipid-binding protein module that is an essential regulator of protein kinase C and numerous other proteins-targeted proteins to the plasma membrane transiently if calcium was released from internal stores, and persistently in response to entry of extracellular calcium across the plasma membrane. The C2 domain translocation time courses of stimulated cells clustered into only two primary modes. Hence, the reversible recruitment of families of signaling proteins from one cellular compartment to another is a rapid bifurcation mechanism for inducing discrete states of cellular signaling networks.
Studies of the dynamic behavior of signaling systems require the measurement of signaling time courses in individual living cells, because critical cell-to-cell differences are lost in averaged bulk cell measurements (1, 2) . One of the most prominent dynamic cell signaling events is the receptor-triggered translocation of signaling proteins with SH2 (Src homology 2), PH ( pleckstrin homology), C1, C2, and related domains from the cytosol to the plasma membrane (3, 4) . In particular, calcium-sensing C2 domains that exist in kinases, lipases, and many other enzymes and regulatory proteins (5, 6) are intriguing examples of translocation domains because they target signaling proteins to lipid membranes in response to ubiquitously triggered Ca 2ϩ signals (7, 8) .
We developed an imaging technology based on large-area evanescent wave excitation to simultaneously measure the plasma membrane translocation of the C2 domain from protein kinase C␥ (PKC␥) fused to yellow fluorescent protein ( YFP) [YFP-C2 domain] (9) in thousands of living rat basophilic leukemia (RBL) cells. In this evanescent wave single-cell array technology (E-SCAT; Fig. 1, A (10, 29) . A high numerical aperture projection system was built to image a 7 mm by 9 mm region at the glass-water interface onto a CCD camera (30) . Up to ϳ100,000 cells can be plated in this region. penetrates less than 100 nm above the glass surface (11, 12) . Because fluorescent molecules at the plasma membrane near the glass surface are selectively excited over those in the cytosol, the translocation of signaling proteins to the plasma membrane in response to the activation of receptors on the cell surface can be measured as increases in local fluorescence intensity over time. Figure 1C shows translocation time courses measured, after the addition of 1 nM platelet activating factor (PAF), in RBL cells transfected with YFP-C2 domain (9) . Control experiments with cells expressing YFP alone showed no increases in the fluorescent signals.
We developed software tools (13) to analyze the fluorescence intensity changes over time in each cell transfected with the YFP-C2 domain construct and measured translocation time courses at different concentrations of PAF. Pattern analysis showed that the translocation in individual cells can be described by one of two responses: a transient response in which the C2 domains translocated to the plasma membrane and rapidly dissociated again after 5.5 Ϯ 2 s (full width at half-maximum Ϯ SD; N ϭ 6102 transients), and a persistent response in which the domain translocated and remained at the plasma membrane for more than 30 s (Fig. 2A) . Multiple cell recordings were overlaid on a surface plot for each range of PAF concentrations. As depicted, the z axis is proportional to the number of cells with a particular normalized translocation signal (y axis) at a specified time (x axis). The fluorescent signal from 10 s before to 30 s after the peak translocation was normalized with the peak translocation set to 1. The time courses at PAF concentrations below 1 nM consisted primarily of transient responses, and those at concentrations above 10 nM consisted primarily of persistent responses, whereas intermediate agonist concentrations triggered a mixture of discrete transient and persistent responses ( Fig. 2A) . Only a small number of measured responses were outside these two principal response patterns.
About half of the C2 domains that have been characterized biochemically bind to lipid membranes in the presence of two or three Ca 2ϩ ions (7, 14, 15) , and membrane translocation events have been reported to be pre- Fig. 2C, right) . In control measurements, addition of 100 nM PAF to cells pretreated with thapsigargin in the absence of extracellular Ca 2ϩ did not elicit a translocation response (21) , which suggests that PAF does not activate alternative Ca 2ϩ -independent translocation pathways. Thus, although calcium release triggers the initial membrane translocation, calcium influx appears to be the principal driving force for retaining C2 domains at the plasma membrane.
Many signaling processes exhibit firstorder kinetics with effective activities proportional to both the duration and the amplitude of a signal (22, 23) . In contrast, signaling processes that desensitize respond selectively to rapid signal increases while rejecting slower increases (24) . These findings suggest that the integral of a signal over time and the rate of increase of a signal are two important fig. 3 (10) ] measured at the indicated PAF concentrations. The z axis plots the number of time courses that pass at a given time ( y axis) through a given signal amplitude (x axis) (N ϭ 1372 for 100 to 500 pM, N ϭ 2262 for 2 to 4 nM, and N ϭ 3305 for 100 nM). The surface plots were generated by 100 ϫ 100 binning and 12 ϫ 12 low-pass filtering. parameters for downstream signaling. We determined whether the two observed C2 domain translocation patterns could selectively activate different signaling processes by comparing for each cell the integrated activity and the maximal rate of translocation. Figure 3A shows surface plots for different PAF concentrations of the number of cells (z axis) with a given maximal C2 domain translocation rate (y axis) and a given integrated plasma membrane localization (x axis). In addition to a basal state that is visible in the lower corner of the left and center panels in the top row of Fig. 3A , this analysis revealed two distinct signaling modes that appear as separated hills in the surface plot (Fig. 3A , top row, right): (i) a "differentiating" signaling mode with a maximal C2 domain translocation rate and a minimal integrated activity (Fig. 3A , top row, center and right), and (ii) an "integrating" signaling mode with the same translocation rate but with integrated activity increased by a factor of 10 to 30 (Fig.  3A , top row, right, and bottom left). Analysis of the population averages of these parameters shows that maximal translocation rates were triggered at low PAF concentrations, whereas significant integrated activities were triggered over a narrow range of higher PAF concentrations (Fig. 3B) . Our study introduces a broadly applicable technology (E-SCAT ) for measuring the translocation of signaling proteins and domains in large numbers of individual cells.
Thus far, we have measured significant increases in signal amplitude attributable to the receptor-triggered membrane translocation of cyan fluorescent protein (CFP)-and YFPconjugated C2, PH, and C1 domains as well as of different PKC isoforms [Web fig. 2  (10) ]. Using this technology, we found that the receptor-triggered translocation of C2 domains follows one of two discrete temporal patterns that depend on calcium release for transient membrane localization and calcium influx for persistent localization. Because Ca 2ϩ -sensitive C2 domains are common regulatory motifs of diverse signaling proteins, each of these translocation responses can mediate a coordinated activation of different downstream targets inducing either a differentiating or an integrating signaling mode. This indicates that the selection between particular signaling responses can occur soon after receptor stimulation, before transcriptional activation. Our study suggests that measurements of translocation time courses in large cell numbers and the identification of discrete response patterns can be used as a general strategy to identify modes in dynamic signaling networks and to reduce network complexity. The maximal C2 domain translocation rate (y axis) was measured as the maximal increase in fluorescence intensity over a 2-s interval normalized to the maximal translocation amplitude after ionomycin addition. The integrated C2 domain membrane localization (x axis) was measured by integrating the fluorescence signal from the initial translocation until the time when C2 domains dissociated 85% away from the plasma membrane and was normalized by the product of the maximal ionomycin-induced translocation amplitude and the duration of the measurement (270 s). The four surface plots show the activity distributions for increasing agonist concentration: 0.01 nM (N ϭ 510), 0.5 nM (N ϭ 1496), 2 nM (N ϭ 1673), and 100 nM (N ϭ 2393). The surface plots were generated by 80 ϫ 80 binning and 8 ϫ 8 low-pass filtering. (B) Population-averaged rate and integrated translocation parameters measured at different PAF concentrations. The two overlaid graphs show the PAF concentration dependence of the averaged maximal translocation rate (blue downward triangles) and the averaged integrated activity (red upward triangles). Each data point in both of the graphs represents a separate experiment with 500 to 3000 cells.
